Our previous study has shown that traveling-wave rotary ultrasonic motors using polymer-based vibrators can work in the same way as conventional motors with metal-based vibrators. It is feasible to enhance the performance, particularly output torques, of polymer-based motors by adjusting several key dimensions of their vibrators. In this study, poly phenylene sulfide, a functional polymer exhibiting low attenuation at ultrasonic frequency, is selected as the vibrating body, which is activated with a piezoelectric ceramic element bonded on its back surface. The optimal thicknesses of the polymer-based motors are higher than those of metal-based motors. When the same voltages were applied, the maximum torques and output powers available with the polymer-based motors were lower than the values of the metal-based motors with the same structures. The reasons for the lower torque were explained on the basis of vibration modes. First, the force factors of the polymer-based vibrators are lower than those of metal-based vibrators owing to the great difference in the mechanical constants between polymers and piezoelectric ceramics. Subsequently, though the force factors of polymer-based vibrators can be slightly enhanced by increasing their thicknesses, the unavoidable radial vibrations become higher and cause undesirable friction loss, which reduces the output torques. Though the polymer-based motors have rotation speeds comparable to those of metal-based motors, their output power are lower due to the low electromechanical coupling factors of the polymer-based vibrators.
Introduction
Ultrasonic motors (USMs), which provide relatively low speeds, high torques, and quick responses, compared to the electro-magnetic motors, have been practically applied to a part of cameras and optical instruments for over two decades [1, 2] , and also expected as potential key actuators for robotics [3, 4] . In general, USM consists of a vibrator and a rotor, which are pressed to each other to effectively utilize the friction force. When two channels of voltages with a 90°p
hase are applied to a vibrator, a traveling wave or two degenerated standing waves are excited, and elliptical motion at vibrator surface drives the rotor [3] [4] [5] [6] . Vibrators in the conventional USMs were commonly composed of piezoelectric ceramics and a metal vibrating body [7] [8] [9] [10] [11] . Recently, light USMs have become increasingly demanded [12] . In our previous study, metals were replaced with functional polymers as vibrating bodies of USMs to reduce their weight and enhance the mass production efficiencies [12] [13] [14] [15] . Poly phenylene sulfide (PPS) was selected due to its low damping coefficient of 0.0025, which is 0.05 and 2 times the values for acrylic resin and stainless steel, respectively, under highamplitude vibration (up to 0.04% strain) [12, 14] . We fabricated a PPS-based ring-shaped vibrator to form a travelingwave rotary USM, and tested its performance [15] . Compared to the metal-based USMs, the PPS-based USM provided relatively high rotation speed but low output torque. As PPS exhibits a much lower elastic modulus and density than metals, the optimal design of PPS-based USMs should differ from those of metal-based ones.
In this paper, first, we explore how elliptical shapes and force factors of the polymer-based vibrators vary as several key structural parameters are changed. Subsequently, we attempt to improve the maximum torques (output torque at zero revolution speed) of the polymer-based USMs by adjusting several key dimensions, and discuss the reason for their relatively low output torques and power compared to the metal-based USMs.
Configuration of USM and shape parameters
Figure 1(a) depicts the configuration of the vibrator, which consists of a PPS vibrating body and a piezoelectric ceramic element. The vibrating body had a 30 mm diameter cylindrical part and a 0.5 mm thick bottom disk. Radial slots were fabricated on the cylindrical part with an interval of 10°. The vibrator has following shape parameters: the un-slotted part thickness t, the teeth height h, the thickness of piezoelectric ceramic plate p, the inner diameter of the cylindrical part D in , and the slot width w. A central hole was made on the bottom disk to fix the vibrator to a shaft with two bolts. The mechanical constants of PPS are listed in table 1. A polar coordinate (z, θ, and r axes) is set on the top surface of the vibrator. The piezoelectric ceramic annular disk (C213, Fuji Ceramics, Fujinomiya, Japan) had the inner and outer diameters of 20 and 30 mm, respectively, and a thickness of 0.5 mm. Thin silver electrodes were sintered on both sides of the piezoelectric ceramic element. As shown in figure 1(b) , one side was evenly divided into 12 parts, while the other side without division was glued to the back surface of the PPS vibrating body with epoxy. When four sinusoidal voltages with phases were applied to the vibrator, a traveling wave in the 3rd bending mode shown in figure 1(c) was generated along the circumference. The vibration velocity components at the top surface of the vibrator along the z, θ, and r axes are represented by v z , v θ , and v r , respectively. Ratios v θ /v z and v r /v z show elliptical motion shapes, which are altered by the vibrator dimensions [16, 17] .
3. Elliptical motion shape and force factor versus structural parameters
Un-slotted part thickness
The elliptical motion shape (ratios v θ /v z and v r /v z ) and the force factor of the vibrator were investigated because they are essential to USMs [1, 3] . The force factor represents the ratio of the current to the vibration velocity or equivalently the ratio of the generated force to the voltage [2, 6] . These indicators reflect the vibrator characteristics, and affect the USM performance [2, 16] . In this work, we discuss the force factor defined for the tangential vibration velocity v θ because it is parallel to the rotation direction. The vibration velocity ratios and the force factors of the PPS-based vibrators with varying un-slotted part thicknesses were obtained through both finite element analysis (FEA) and experiments. The three orthogonal vibration First, we explore how the elliptical motion shape and the force factor change with varying un-slotted part thickness. The other parameters are set as p=0.5 mm, h=4 mm, D in =20 mm, and w=0.5 mm. Figure 2 shows the dependence of the resonance frequency of the 3rd bending mode on the un-slotted part thickness. It increases from 5 to 11 kHz as the vibrator becomes thicker, and levels off at the un-slotted part thickness of 6 mm. For the cylindrical vibrators, the bending vibrations along the z axis couple with those along the r axis. The z-axis bending vibration is dominantly excited on the thin vibrators, and the resonance frequency increases because the equivalent stiffness becomes higher with increasing thicknesses. In contrast, the resonance frequencies on thicker vibrators are mainly determined by the radial thicknesses D out −D in of their cylindrical parts. Figures 3(a) and (b) show the vibration velocity ratios and the force factor as a function of the un-slotted part thickness, respectively. As shown in figure 3(a), even when the vibrator became thicker, the ratio v θ /v z exhibited only small variation. In contrast, the ratio v r /v z of the vibrator with a 2 mm thick un-slotted part (t2 vibrator) was 0.7, and the value of the t10 vibrator increased to 2.8. With increasing thickness, the equivalent stiffness and mass increase, leading to the reduction in the z-axis vibration velocity [17] . However, the equivalent stiffness and mass in radial direction, determined by the radial thickness, show almost no change. Thus, the ratio v r /v z has an observable increase. As the un-slotted part thickness was varied from 2 to 10 mm, the force factor in figure 3 (b) increased from 0.02 to 0.23 N V −1 . Observably, thicker vibrator generates higher force factors and higher radial vibrations.
Other shape parameters
Then, we investigated how other parameters affect the elliptical motion shapes and the force factors through FEA. show, the optimal inner diameter is determined by the inner diameter of the piezoelectric ceramic element D p-in , whereas the maximal force factor and the minimal ratio v θ /v z are independent to D p-in . Since the un-slotted part thickness and teeth height have relatively high influences on the elliptical motion shapes and the force factors among these structural parameters, we change these parameters to improve the output torques and powers of the polymer-based USMs.
Performance of motors with varying dimensions

Experimental setup
In this section, we experimentally investigated how the motor performance depended on the structural parameters. Figure 9 (a) illustrates the experimental setup for measuring the motor performance. The vibrator was clamped to a stainless steel shaft, fixed at the center of a stainless steel base plate. To reduce the friction loss in holding the rotor, as shown in figure 9 (b), a pivot bearing composed of a conical head and a dent, both of which were made of stainless steel, was used. The conical angles of the bearing head and the dent were set to 55°and 60°, respectively. The upper shaft of the pivot bearing was inserted into a Teflon sleeve, guided along the central hole in the Teflon top plate. The dent was fixed at the center of the rotor. Preload was applied to the rotor by loading weights on the top of the shaft. As shown in figure 9(c) , the rotor consisted of a contacting disk and a ringshaped flywheel, both of which were made of aluminum. The contacting surface was limited to a portion having outer and inner diameters of 30 and 28 mm, respectively, because the vibrators provided relatively extensive vibrations on the outer edges of the contacting surface (see figure 1(c) ). In this study, we employed the transient method, repeatedly used in previous studies on USMs [18] [19] [20] , to evaluate the motor performance. The flywheel has a moment of inertia J of 1.24×10 −5 kg m 2 . As shown in figure 10 , first, the transient response of the rotor speed was measured with two out-ofplan laser Doppler velocimeters: two laser beams illuminated the same point on the outer surface of the rotor with the same angles. The tangential velocity was calculated from the outputs of the two laser Doppler velocimeters on the basis of a simple geometry [21] . Figure 11 gives an example. The measured transient response of the rotational speed of the motor with the t5 vibrator is shown in figure 11(a) . The voltages and the preload are respectively 250 V and 1.04 N. Initially, the angular velocity increased from 0 to 1.21 rad s −1 , and leveled off at approximately 48 ms. Note that, though the angular velocity became higher in the rise part, the angular acceleration yielded a reduction. Since the lower and higher cutoff frequencies of the laser Doppler vibrometer were set to 0.2 Hz and 100 kHz, respectively, the obtained signal included ultrasonic components, which appeared to be the fluctuation in the transient response. By implementing the exponential fitting curve j(t) on the transient response, the maximum torque T max , maximum angular velocity j max , and maximum output power P max are calculated with
respectively. As shown in figure 11(b) , the motor yielded the maximum torque and angular velocity of 1.39 mNm and 1.21 rad s −1 , respectively, at the beginning and the end of the rise part. The maximum output power reached 0.42 mW when the motor exhibited a moderate torque. Figure 12 illustrates the motor performance with the t5 vibrator as a function of the driving voltage under different preloads. As figure 12(a) shows, there existed a dead region in the maximum torque when the voltage was lower than 100-150 V. Beyond the dead region, the maximum torque increased in proportion to the driving voltage and saturated according to the preload. At a certain voltage, the maximum torque became higher with increasing preload [2] . When the preload exceeded a certain value, the maximum torque decreased because of friction loss. For example, the maximum torque at 150 V reached 0.4 mNm when the optimal preload of 0.37 N was applied to the vibrator. The maximum torque under the optimal preload is suitable for representing the vibrator performance. Figure 12(b) shows that the motor provided its maximum no-load speed when the minimal preload and the maximal voltage are applied to the vibrator. As figure 12(c) shows, at a certain voltage, the output power initially became higher with increasing preload, and then, became lower owing to the rapid reduction in the rotation speed. Figure 13 shows the motor performance with varying thickness of the un-slotted part at driving voltages of 250 V. The performance of each motor was evaluated at random three different positions. Figure 13(a) shows the maximum torques when optimal preloads were applied to the motors. As the un-slotted part thickness increased from 2 to 8 mm, the maximum torque exhibited an increase from approximately 0.9-3.0 mNm. However, the maximum torque decreased from 3.0 to 0.8 mNm when the thickness increased from 8 to 10 mm. Under a certain voltage and a sufficiently high preload, a thicker vibrator generates a higher driving force to the rotor. This is a reason for the increase in the maximum torque when the un-slotted part thickness was varied from 2 to 8 mm. In general, slip exists at contacting surfaces in traveling-wave USMs because there are velocity differences between the vibrator and the rotor along both the θ and r axes [22] . As mentioned above, the θ-axis vibration velocity is parallel to the rotational direction. The points near the crest, which yield higher θ-axis vibration velocities than the rotation speed, accelerates the rotor. Slip is generated on a part of the points with relatively low vibration velocities [7] . In contrast, since the r-axis vibration velocities are vertical to the rotation direction, slip is generated on all contacting points except for those with radial vibration velocities of zero (theoretically, six points with the 3rd bending mode). Besides, the r-axis vibration velocities, particularly in the cases of the thicker vibrators, are higher than the θ-axis vibration velocities (see figure 3(a) ). Thus, the frictional loss caused by slip should be dominantly attributed to the r-axis vibration component [23, 24] . As the vibrator becomes thicker, both the force factor and the r-axis vibration velocity increase, and the negative effect on the torque caused by the friction loss offsets the positive effect due to the enhancement in the force factor. Thus, the rapid reduction in the maximum torque in the thickness range from 8 to 10 mm originates from the large increase in the friction loss. To quantitatively estimate the output torque, a simulation model for the friction on the contacting surface between the polymer-based vibrator and the metal rotor should be developed in the future. Since the polymer-based motor has a softer vibrator and a harder rotor, it may provide a friction different from the conventional metal-based motor, of which the vibrator is commonly harder than the rotor [6, 7, 23, 24] . The previous study shows that the conventional metal-based motor with the same diameter yields the highest torque when its un-slotted part thickness is less than 4 mm [7] . Clearly, a thicker vibrator is needed for the PPS-based motor. As figure 13(b) shows, the maximum no-load speed decreased as the vibrator became thicker because the θ-axis vibration velocity was lowered. The maximum power shown in figure 13(c) decreased from 3.0 to 0.8 mW as the un-slotted part thickness ranged from 2 to 10 mm owing to the reduction in electromechanical coupling factor. The friction loss also lowers the output power particularly for the thick vibrators. Figure 14 shows the performance of motors with varying teeth height. Their un-slotted part thicknesses are 8 mm. The motors with lower teeth height yielded higher output torques. When a preload of 6.4 N was applied to the vibrator with t=8 mm and h=1 mm, the maximum torque at 250 V reached 6.7 mNm, approximately 10 times the value of our previous motor prototype [12] . The maximum no-load speed and the output power became lower and higher, respectively, as the teeth height decreased.
Experimental results
Figures 7 and 8 indicate that it is difficult to significantly increase the output torque by adjusting the slot width w and the inner diameter D in since they are close to the optimal values. Figure 5 indicates that a larger torque can be obtained by using the piezoelectric ceramic elements with thicknesses of less than 0.05 mm or over 1.5 mm. In our experiments, piezoelectric ceramics of less than 0.2 mm in thickness were unavailable because they were easy to fracture 1, 2 . Thin piezoelectric films can be obtained by sputtering and hydrothermal synthesis [20, 25] . However, a large-area piezoelectric film, e.g., a piezoelectric ceramic element with a 30 mm outer diameter used in this study, has not been reported. Besides, it is feasible to enhance the output torque and power by using the piezoelectric ceramic elements with thicknesses of over 1.5 mm, but the USM weight becomes larger as piezoelectric ceramics have much higher densities than PPS. In the future, the optimal thickness of piezoelectric ceramics will be discussed considering the power density (the ratio of output torque to weight) of USM.
Discussions: Performance comparison between polymer-and metal-based vibrators
For comparison, we fabricated a stainless-steel-based vibrator with a 4 mm thick un-slotted part and 4 mm high teeth, and glued a 0.1 mm thick PPS film on its top surface to obtain the same friction characteristics as the PPS-based motors. The resonance frequency and the electromechanical coupling factor corresponding to the 3rd bending mode were 25.89 kHz and 4.9%, respectively. At 250 V, its maximum torque and rotation speed were 20.8 mNm and 10.8 rad s −1 , respectively, and its maximum output power reached 31.6 mW. Though the vibrator of the PPS-based motor was structurally optimized, its output torque and power were still lower. To explore the reason for the relatively low torque, we compared the vibration velocity ratios and the force factors between the PPS-and metal-based vibrators with the same structures. The material constants of metals are given in table 1. As shown in figure 15(a) , there is no observable difference in the ratios v θ /v z and v r /v z among the vibrators. In contrast, the force factor in figure 15(b) shows a great difference among these materials. For example, the copper-alloy-based vibrator with an 8 mm-thick un-slotted part exhibits a force factor of 0.99 N V −1 , higher than those of the stainless-steel-, aluminum-alloy-, and PPS-based vibrators (0.65, 0.60 and 0.12 N V −1 , respectively). To obtain a force factor of 0.15 N V −1 , the sufficient thickness is 2.5 mm for the copperalloy-based vibrator and 10 mm for the PPS-based vibrator. Thus, a thicker vibrator is needed for the PPS-based motor to generate a driving force comparable to that of the metal-based motor. Among the tested materials in table 1, the elastic modulus and the density of copper alloy are relatively close to those of piezoelectric ceramics, and the copper-alloy-based vibrator provides a relatively high force factor. In contrast, there is a significant difference in the mechanical constants between the vibrating body and the piezoelectric ceramic element of the PPS-based vibrator, and it may result in the low force factor. Thus, the torque of the PPS-based USM is difficult to significantly enhance by adjusting the dimensions because it is dominantly restricted by low mechanical constants of PPS. In addition, since the thinner vibrators, which have sufficiently high force factor, are used in metal-based motors, their radial vibration components are lower than polymer-based ones. The motors made of other commonly employed functional polymers also face the same problems because they have almost similar elastic moduli and densities [12, 13] . The lower output powers of PPS-based motors originate from their low electromechanical coupling factors, which are lower than 0.1 times the value of the stainlesssteel-based vibrator.
Conclusion
To enhance the performance of polymer-based USMs, a preliminary investigation on the shape parameters of their vibrators was carried out. Through analytical and experimental explorations, the following conclusions were obtained:
(1) At 250 V, the PPS-based motor with a 30 mm diameter yielded the maximum torque of 6.7 mNm, 10 times the value of our previous polymer-based motor. (2) Relatively low torques of polymer-based motors are caused by low force factors and undesirable radial vibration components of their vibrators. Relatively low output power is mainly attributed to the low electromechanical coupling factor. Though polymer-based motor cannot generate an output torque comparable to those of the commercially available motors, it still has some applications, for example, in the chemical industry because polymer is resistant to acid and alkali [23] , or as an actuator in machines where the lightweight is especially required. PPS with a fiber reinforced structure, having a much higher elastic modulus than that of the currently employed PPS [13] , is a promising material for enhancing the torque of the polymer-based USM.
